Abstract-The carrier frequency offset estimation of Orthogonal Frequency Division Multiplexing (OFDM) has always been a research focus. However, the Capturing-range and the accuracy of frequency offset estimations, as a pair of contradictions, have not been satisfactorily solved in many studies. In order to solve this problem, a frequency offset estimation algorithm with wide range and high accuracy was proposed in this paper. The basic idea of this algorithm: step 1, conjugate multiply the received training sequence by the local-saved training sequence, step 2, conduct short delay related operations to obtain a wider range of estimation, step 3, conduct long delay related operations to ensure a higher estimation accuracy, step 4, get the final frequency offset estimation by simple operations of the two estimates result. Moreover, the noises are reduced during the related operation process. Results from theoretical analysis and computer simulations showed that the accuracy of the frequency offset estimation algorithm proposed in this paper was 1 or 2 orders of magnitude higher than that of the traditional algorithm in the Gaussian channel and the 60GHz multipath channel.
INTRODUCTION
60GHz communication system with IEEE 802.11ad standard has 7GHz unlicensed bandwidth. It supports the transfer rate of up to 6.75Gps [1, 2] by using OFDM transmission mode. It is getting more and more attention. The basic idea of OFDM is to divide a high speed data string to some low speed data strings, and all sub-carriers are orthogonal to each other. It ensures very little interference among the sub-carriers. OFDM as a special way of multi-carrier modulation has high spectrum efficiency [3, 4] and strong ability to combat frequency-selective fading, but is highly sensitive to the carriers' frequency offset [5] . Frequency offset with decimal times subcarrier interval will destroy the orthogonality between subcarriers while that with integer times subcarrier interval will lead to subcarrier shift, both of which will cause deterioration in system performance [6, 7] . Therefore, the frequency offset estimation and compensation must be conducted by the receiver to achieve carrier synchronization.
Data aided and non-data aided are two categories that are divided based on whether the frequency offset estimation algorithm is aided by data. The data aided carrier frequency offset estimation algorithm usually uses training sequences or pilots, which takes a number of resources and reduces the data transmission efficiency. However, it has a higher accuracy, a faster speed, and is commonly used in burst communications. There are another two categories in terms of the domain of transform of frequency offset estimation algorithm completion: completion based on time domain and conjunct completion based on time and frequency domain. The time domain algorithms, which usually used relevant operations, can't meet the needs of the estimation accuracy and the estimation range at the same time. However these algorithms are easy to practice and have small calculations. The algorithms worked in the time domain and frequency domain at the same time can meet the needs of the estimation accuracy and the estimation range. But these algorithms have large computations. Repeated training sequence in preamble is used to make the fractional frequency offset estimation in time domain, while the integer frequency offset estimation is made in frequency domain [8] . This algorithm can estimate a large range of frequency offset, while have to work in the two changing domains with a great computation. Reference [9] shows that after FFT computation, a high precision frequency offset estimation can be completed just in frequency domain with good noise resistance. The high precision of this algorithm comes from carrier frequency doubling and two fast Fourier transform (FFT) arithmetic, causing a large amount of calculation. Reference [10] constructed training sequence into CAZAC sequence. After autocorrelation and cross-correlation algorithm in time domain, fractional and integer frequency offset estimation are obtained respectively. It avoids the complex FFT arithmetic, but as for a given system, a training sequence given by the standard is not convenient for reconstruction.
According to current studies, the improvement of frequency offset estimation accuracy will inevitably bring phase folding problem, which affects estimation range. Broadening estimation range, on the other hand, causes low signal noise ratio (SNR), making it difficult to get high estimation accuracy. In this paper, OFDM system based on IEEE802.11ad standard is taken as an example to propose a frequency offset estimation algorithm with wide range and high accuracy. This algorithm first select short-range correlation delay to obtain wider estimation range, then long-range correlation delay to obtain higher estimation accuracy. The two estimation results are combined into a final estimate through appropriate logic method. Meanwhile, conjugate overlapping is used in the two correlation calculation to suppress noise interference. This algorithm worked only in the time domain to avoid complex FFT operation can meet the needs of the estimation accuracy and the estimation range at the same time. By using the noise suppression method, the algorithm reduces the influences from random noise and further improves the accuracy of the estimated frequency offset with almost no increase in computations. This paper is organized as follows: section II introduces the frame structure and its signal model of OFDM system based on IEEE802.11ad standard; section III puts forward the double autocorrelation frequency offset estimation algorithm; section IV introduces the performance simulation of the algorithms; in the end the content of the paper is summarized.
II. FRAME STRUCTURE AND SIGNAL MODEL OF 60 GHZ COMMUNICATION SYSTEM Data received by the physical layer of 60 GHz communication system are assembled into frame format. Each frame is composed of short training sequence, long training sequence and OFDM data symbols. Short training sequence is mainly used to realize frame synchronization and frequency offset estimation, while long training sequence mainly for channel estimation. As shown in Fig. 1 Assuming that the receiver has obtained accurate symbol synchronization, the time-domain signal received by an OFDM system in multipath channel can be expressed as: 
III. DOUBLE AUTOCORRELATION FREQUENCY OFFSET ESTIMATION ALGORITHM

A. Autocorrelation Frequency Offset Estimation
Algorithm Set the autocorrelation delay to k , define its correlation value as G , then
where
represents phase difference of the phase of training sequence itself.
   represents random disturbance, which will temporarily not be considered.
According to the analysis of the first section, the first 2176 points data from the training sequence of 60 GHz communication system goes with 128 points for cycle, which is ( )
p n p n  , 
The influence of random disturbance  will be temporarily put aside. Take out 2  , the phase angle of G , and normalized frequency offset can be get after simple calculation.
B. Implementation of Dynamic Related Delay
In section A, the autocorrelation delay is set to 128 points, the phase angle of corresponding correlation value (2 128) 512 ang  
. To avoid phase folding,
, it can be estimated that the range of normalized frequency offset is [-2,2]. In actual communication system, the normalized frequency offset may exceed this range. Therefore, it is necessary to further extend the range of normalized frequency offset estimation, which is to reduce autocorrelation delay k . The resulting problem, however, is that phase factor  will always exist in the phase angle of G , so that normalized frequency offset estimation can not be get directly from the phase angle of G . In order to make the phase angle of G simply represented by  , the following processing can be made.
First to conjugate multiply received training sequence by local-saved training sequence:
Then take () Dn to autocorrelation with a delay of k :
Equation (7) and (8) shows that factor  and  disappeared in succession. Therefore whatever value the k is, phase angle of G simply represented by  .
C. Implementation of Noise Suppression in Correlated Process
In the analysis of the former two sections, the influence of random disturbance  to frequency offset estimation is ignored, but it does exist in practice. To further improve the accuracy of estimates, influence of random disturbance should be weakened. The following method of discussion is defined as overlapping relevant methods. Equation (7) shows that after point-to-point conjugate multiplication of received training sequence and local-saved training sequence, the phase angle is simply a linear function related to normalized frequency offset. ,,
Correlate the adjacent two pieces of data in succession, and at the same time ensure that overlapping data exists in the two correlated process. The process can be expressed as follows: 
Equation (9) shows that there are 4 items of correlation results. The first item is useful data, the other three are interference signal mixed with noise.
On one hand: In comparison with (12) and (9), in the process of the summation of correlation values R , the summation of many disturbance terms becomes the third item in (12) with a phase angle of 2
has the same phase angle with disturbance terms. Therefore the third item in (12) only has amplitude value interference to useful signals instead of phase angle interference, indicating that it has no influence on frequency offset estimation. As for frequency offset estimation, it has been transformed from disturbance to signal, thus reduces the impact of the noise. Scatter distribution of disturbance terms with overlapping and non-overlapping correlation is shown in Fig. 2 . The points are basically distributed along a straight line in Fig. 2(a) . with similar phase angle. The still existing scatters are caused by the fifth item in (12). The points are in complete random distribution in Fig.  2(b) .
D. Final Frequency Offset Estimation Obtained From Logical Combination
Firstly related delay is set to 32, as in (9) Secondly related delay is set to 256, as in (9) m=256. Similar to the above analysis, the range of normalized frequency offset that can be estimated in this sense is 
In actual operations, the phase angle obtains the principal value interval, which is 
A. Performance Simulation In Gaussian Channel
Adopting the joint estimation algorithm of time and frequency domain in the [8] , Algorithm 1 and 2 proposed in this paper conduct frequency offset estimation to data frames. One thousand times simulation are made for each SNR point. The mean square error (MSE) of frequency offset estimation is shown in Fig. 3 . Fig. 3 shows that in Gaussian channel, the variation trend of precision of frequency offset estimation algorithm in the [8] is basically the same as Algorithm 1. The reason is although the frequency offset estimation in the [8] is completed in both time and frequency domain, its estimation precision is still determined by related operations in time domain. But the estimation precision of Algorithm 1 is about 1 order of magnitude higher than that in the [8] . The performance of Algorithm 2 is the best among the three. With the improvement of signal-to-noise ratio, its performance will improve increasingly faster, which means that the effect of noise suppression will be more and more obvious.
B. Performance Simulation in 60GHz Multipath Channel
TG ad working group has conducted sufficient experimental measurements concerning the model parameters of 60GHz wireless communication in three kinds of scenarios: living room, conference room and cubicle. These model parameters include the transmission loss, delay and elevation angles for both transmit and receive sides. The experimental data is summarized in work file named Channel Models for 60 GHz WLAN Systems. Three basic channel modeling scenarios could be proposed according to the experimental data. They are conference room, cubicle and living room scenarios. The living room scenario, which has relatively distinct multipath effect, is used in this paper. The impulse response of its channel is simulated through matlab, as is shown in Fig. 4 . The results came from the simulation of the 3 algorithms in 60 GHz living room channel are shown in Fig. 5 . shows that compared with Gaussian channel, the estimated performance of all algorithms in living room channel has declined. The variation trend of estimated performance along with SNR of the algorithm in the [8] is still similar to Algorithm 1. Likewise, the estimated accuracy of Algorithm 1 is about 1 order of magnitude higher than that in the [8] . The estimated performance of Algorithm 2 is the best among the three. As a result of the noise suppression method, the difference between the estimated performance of Algorithm 2 and that of Algorithm 1 is getting bigger with the improvement of signal-to-noise ratio. Simulations in different channels indicate that the noise suppression method is contributive to the improvement of estimated performance. Moreover, the noise suppression method barely takes up algorithm complexity.
V. CONCLUSION
The frequency offset estimation algorithm proposed in this paper combines short delay and long delay correlations and takes the range and accuracy of frequency offset estimation into account at the same time. In addition, conjugate overlapping processing is adopted in the process to transfer some noise-contained disturbance terms into non-disturbance terms so that the interference of noise is suppressed. The accuracy of frequency offset estimation algorithm is 1 or 2 orders of magnitude higher than that of traditional algorithm in Gaussian channel and 60GHz multipath channel. When SNR=0dB, MSE of frequency offset estimation reaches 10 -4 orders of magnitude, meeting the performance requirements of 60 GHz communication system. This algorithm can also be applied to other training sequence similar to IEEE 802.15.3c based communication system.
